Two new 6,6-spiroacetal polyketides, spirotoamides A (1) and B (2), were isolated from a microbial metabolite fraction library of Streptomyces griseochromogenes JC82-1223 by screening of structurally unique compounds based on a search of spectral database. The fraction library was constructed using a systematic separation method to efficiently discover new metabolites from microbial sources such as actinomycetes and fungi. The structures of 1 and 2 were elucidated by 2D-NMR and mass spectrometric measurements. They belong to a class of polyketides, and contain a 6,6-spiroacetal core structure and a carboxamide group. The biosynthetic pathway of 1 and 2 is discussed in the text. Keywords: fraction library; microbial metabolite; spiroacetal polyketide; Streptomyces griseochromogenes; structure elucidation INTRODUCTION Microorganisms, such as actinomycetes and fungi, have a tremendous capacity to produce structurally diverse metabolites 1 with disparate activities, rendering them a significant source of pharmaceutical leads and therapeutic agents. 2,3 They are also used as potential bioprobes for chemical biology studies. 4,5 Many secondary metabolites have been reported, but not all have been isolated, nor have their wide-ranging physicochemical properties and low abundance been examined with regard to their potentially useful activities. Thus, we constructed a microbial metabolite fraction library by systematic separation with a spectral database, based on photodiode-array detector attached LC/MS analysis to discover structurally unique metabolites efficiently and rapidly. We discovered and isolated verticilactam 6 from S. spiroveticillatus JC-8444, a tautomycin producer, 7-9 and the new fraquinocins I and J 10 and 6-dimethylalylindole-3-carbaldehyde 11 from S. reveromyceticus SN-593, a reveromycin producer 12 by our methodology constructing the fraction library. Also, Bugni et al. 13 reported a marine natural products library by HPLC-MS fractionation for rapid drug discovery. These reports have demonstrated the advantage of fraction libraries in isolating and investigating the activities of natural products.
INTRODUCTION
Microorganisms, such as actinomycetes and fungi, have a tremendous capacity to produce structurally diverse metabolites 1 with disparate activities, rendering them a significant source of pharmaceutical leads and therapeutic agents. 2, 3 They are also used as potential bioprobes for chemical biology studies. 4, 5 Many secondary metabolites have been reported, but not all have been isolated, nor have their wide-ranging physicochemical properties and low abundance been examined with regard to their potentially useful activities. Thus, we constructed a microbial metabolite fraction library by systematic separation with a spectral database, based on photodiode-array detector attached LC/MS analysis to discover structurally unique metabolites efficiently and rapidly. We discovered and isolated verticilactam 6 from S. spiroveticillatus JC-8444, a tautomycin producer, [7] [8] [9] and the new fraquinocins I and J 10 and 6-dimethylalylindole-3-carbaldehyde 11 from S. reveromyceticus SN-593, a reveromycin producer 12 by our methodology constructing the fraction library. Also, Bugni et al. 13 reported a marine natural products library by HPLC-MS fractionation for rapid drug discovery. These reports have demonstrated the advantage of fraction libraries in isolating and investigating the activities of natural products.
Our microbial fraction library was developed on basic chromatographic techniques, comprizing two-step separation by middlepressure liquid chromatography (MPLC) and C 18 -HPLC, yielding 300-400 fractions from a single microbial strain with reproducibility. In addition to many known compounds, the fractions, which contain unidentified minor components, might contain valuable compounds with unique structures or activities or key metabolites from a specific biosynthetic pathway. To take advantage of a fraction library and distinguish new metabolites from known compounds rapidly, a spectral database was constructed, based on photodiode-array-LC/ MS analysis, determining the UV absorption and mass spectra of each metabolite within each fraction in the library.
On screening for structurally unique secondary metabolites using the spectral database of the fraction library, we identified two unknown peaks with identical UV and mass spectra in fractions of S. griseochromogenes JC82-1223. The related fractions were purified by a C 18 -HPLC to yield compounds 1 (4.0 mg) and 2 (1.4 mg), respectively (Table 1) . We report the structures of these compounds, designated spirotoamides A (1) and B (2).
RESULTS AND DISCUSSION
The molecular formula of compound 1 was determined to be C 26 Figure S1 ). It also contained five exchangeable protons, which were not observed in methanol-d 4 (Supplementary Figure S8) . Two of the exchangeable protons were observed as broad and symmetrical signals (Table 2) , which indicated the presence of a primary amino group; the remaining three exchangeable protons were relatively sharp, suggesting that 1 had three hydroxyl groups. The 13 C NMR spectrum showed 26 signals attributable to six methyls, six methylenes, ten methines including four oxygenated and three olefinic carbons, and four quaternary carbons including a carbonyl, an olefinic, an oxygenated sp 3 , and a distinct acetal carbon at 101.9 p.p.m. (Supplementary Figure S2) . These assignments were verified by the 13 C DEPT experiment (Supplementary Figure S3) and HSQC spectral data (Table 2 ; Supplementary Figure S5) .
The planar structure of 1 was determined by 2D NMR analysis, as shown in Figure 1 . The DQF-COSY spectrum constructed proton spin systems from H-2 to H-3, from H-5 to H-7, from 10-Me to 14-Me with a hydroxyl group at C-13, from H-16 to 19-Me with a hydroxyl and a methyl groups at C-17 and C-18 and from H-1¢ to H-2¢ (Supplementary Figure S4) . The overall structure was constructed using long-range correlations in the HMBC spectrum (Supplementary Figure S6 ). The HMBC correlations from H-2 and H-3 to C-1 permitted the assignment of the carbonyl carbon as C-1 and the amide group was established by the 13 C chemical shift and molecular formula. The ethyl branch at C-4 and the connectivities from C-3 to Spirotoamides A and B from a fraction library T Nogawa et al C-5 were confirmed by the HMBC correlations from H-2¢ to C-4, from H-1¢ to C-3 and C-5, from H-2 to C-4 and from H-5 to C-3. The HMBC correlations from a methyl group at 1.12 p.p.m. to C-7 and C-8 and from H-7 to C-8 established connectivity between C-7 and C-8 and the methyl branch at C-10. The connectivities from C-8 to C-10 were confirmed by the HMBC correlations from H-9 to C-8, 8-Me, C-10, and C-11 and from 10-Me to C-9. 14-Me, H-14 and H-16 showed HMBC correlations to C-15, establishing the connectivities from C-14 to C-16 through the acetal carbon C-15. A 6,6-spiro-ring system was constructed in consideration of the 13 C chemical shift value of C-15 at 101.9 p.p.m. [14] [15] [16] [17] [18] [19] and the hydrogen deficiency index of 5, which was also confirmed by the correlations between H-12 and 14-Me, between H-17 and H-19 and between 14-Me and H-16eq in the ROESY spectrum (Supplementary Figure S7) . These ROESY correlations suggested that the conformation around C-15 was restricted and they formed spiro-fused tetrahydropyrans. The geometry of the double bonds at D 2 was assigned as an E-configuration, based on the J of 15.6 Hz in the 1 H NMR spectrum. The double bond at D 4 was also determined as an E-configuration, based on the typical high-field chemical shift value of the C-1¢ of 20.5 p.p.m. and the ROESY correlations between H-2 and H-1¢, between H-2 and H-2¢ and between H-3 and H-5, as shown in Figure 1 . The relative stereochemistry of the 6,6-spiroacetal core structure was analyzed on the basis of the J in the 1 H NMR spectrum and ROESY data. To eliminate the influences of the hydroxyl groups on the coupling patterns, NMR spectra were measured in methanol-d 4 instead of acetonitrile-d 3 , and the 1 H and 13 C NMR chemical shifts were assigned. The key J are summarized in Figure 2a . H-11 was coupled to both protons at C-12, with J of 12.1 and 2.4 Hz, respectively. H-12 at 1.26 p.p.m. was also coupled to H-13 with a J of 12.1 Hz. These data suggested that the tetrahydropyran had a chair conformation and these protons were in axial orientations. 14-Me was assigned to have an axial orientation based on a J of 4.9 Hz between H-13 and H-14, which indicated that H-14 was in an equatorial orientation. Another tetrahydropyran ring was also assigned to have a chair conformation, based on J of 10.8 and 9. Figure 2b . ROESY correlations between H-11 and H-13 and between H-12 at 1.26 p.p.m. and 14-Me were observed, confirming that the tetrahydropyran had a chair conformation. It indicated that those protons and 14-Me were in axial orientations, respectively, assigning the hydroxyl group at C-13 as an equatorial orientation. The other tetrahydropyran was also confirmed to have a chair conformation, based on the ROESY correlation between H-17 and H-19, which allowed to assign them as axial orientations, respectively. H-17 correlated with H-16 at 1.98 p.p.m. and 18-Me, which also correlated with H-19; these results confirmed that H-16 at 1.98 p.p.m. and H-18 were in equatorial orientations. Based on these results, the structure of 1 was determined as shown in Figure 3 .
The compound 2 had the same molecular formula with that of 1 suggesting 2 was a structural isomer of 1. The 1 H NMR spectrum was very similar to that of 1, comprizing six methyl signals, including an ethyl group, and five exchangeable protons, two of the exchangeable protons were observed as broad and symmetrical signals, indicating the presence of a primary amino group (Supplementary Figure S9) . The remaining three exchangeable protons were however observed as sharp doublets, which suggested that the hydroxyl groups were branched at methine carbons, respectively. Moreover, the 1 H NMR spectrum showed the additional signal at 4.47 p.p.m. as a multiplet. The 13 C NMR spectrum was nearly identical with that of 1, except for slight differences in chemical shifts of carbon signals around 70 p.p.m. (Supplementary Figure S10) . The 13 C DEPT experiments (Supplementary Figure S11) and HSQC spectrum (Supplementary Figure S13 ) revealed that 2 had two additional methine signals, one of which was oxygenated, and lost a methylene signal and a quaternary signal compared with 1 (Table 1 ). These observations suggested that 2 contained a hydroxyl group at a methine carbon instead of a quaternary carbon like 1. The planar structure including the geometry of double bonds and relative stereochemistry on the tetrahydropyrans was determined by the same manner with those of 1. The newly observed oxygenated methine carbon was assigned to C-6 by the analysis of DQF-COSY data (Supplementary Figure S12) . Another new methine carbon was assigned to C-8 with a methyl branch by the DQF-COSY and HMBC data (Supplementary Figure S14) . The relative stereochemistry on the tetrahydropyrans Figure S15) . Therefore, 2 was a structural isomer of 1 at a substituted position of the hydroxyl group at C-6 as shown in Figure 3 . The carbon skeleton of spirotoamides A(1) and B(2) is likely assembled by a type I polyketide synthase, which might catalyze the loading of the acetate unit and the condensation of four malonylCoAs, four methylmalonyl-CoAs and one ethylmalonyl-CoA. Based on the knowledge of tautomycin 20 and avermectin 21 biosyntheses, the presence of a dihydroxyl ketone precursor was expected in the formation of the spiroacetal structure (Figure 4) . We recently analyzed the biosynthesis of reveromycin A and identified RevJ responsible for the stereospecific spiroacetal formation from the dihydroxyl ketone precursor. 22 To test whether a RevJ homolog existed in the genome of S. griseochromogenes JC82-1223, we performed Southern hybridization analysis using a RevJ probe-the hybridization signal was not found in the spirotoamide-producing strain. Therefore, we speculated that putative dihydroxyl ketone precursor for spirotoamide biosynthesis was non-enzymatically cyclized to form a thermodynamically and electrostatically preferred spiroacetal. It is speculated that the transfer of an amino group to the C-1 carboxyl group by carboxamide synthase and the regiospecific hydroxylation at C-6 or C-8 by P450 enzyme might be involved in the formation of compounds 1 and 2.
Compounds 1 and 2 were subjected to several bioassays in vitro. Their cytotoxic activities against HL-60, HeLa, tsFT210 and tsNRK were evaluated. Also, the antibacterial activities against Escherichia coli HO-141 as a gram-negative bacteria and Staphylococcus aureus 209 as a gram-positive bacteria, and antifungal activities against Candida albicans JCM1542, Aspergillus fumigatus Af293 and Magnaporthe oryzae kita-1 were tested. However, neither compound had any effect at concentrations up to 100 mM.
The spirotoamide-producing strain S. griseochromogenes JC82-1223 synthesizes tautomycetin, which is also a polyketide with a unique 2,3-dialkylmaleic anhydride moiety. 23, 24 However, spirotoamides are Spirotoamides A and B from a fraction library T Nogawa et al structurally unrelated to tautomycetin and contain a characteristic 6,6-spiroacetal core structure and carboxamide group, suggesting that our fraction library with spectral database is useful to discover novel microbial metabolites.
EXPERIMENTAL PROCEDURE General experimental procedures
Analytical-grade solvent and reagents were purchased from commercial sources. UV and optical rotations were recorded on a JASCO V-630 BIO spectrophotometer (JASCO International, Tokyo, Japan) and a HORIBA SEPA-300 high-sensitive polarimeter (HORIBA, Kyoto, Japan), respectively. IR spectra were recorded on a HORIBA FT-720 with a DuraSampl IR II ATR instrument (HORIBA). NMR data were obtained at 500 MHz for 1 H NMR and 125 MHz for 13 C NMR on a JEOL ECP-500 or ECA-500 spectrometer (JEOL, Tokyo, Japan 
Culture condition
S. griseochromogenes JC82-1223 was cultured in a 500 ml of cylindrical flask (K1 flask) containing 70 ml of culture medium (glucose 2%, soluble starch 1%, meat extract 0.3%, dried yeast 2.5%, corn steep liquor 0.3%, K 2 HPO 4 0.005%, NaCl 0.05%, CaCO 3 0.05% and MgSO 4 .7H 2 O 0.05%) for 3 days at 28 1C on a rotary shaker at 150 r.p.m. 140 ml of each pre-culture was used to inoculate two of 14 l jar-fermentors that contained 7 l of the same culture medium, which were cultured with stirring speed at 100 r.p.m. and an aeration rate of 2 l min À1 for 4 days.
Construction of fraction library
A total 14 l of culture broth was used to construct a microbial metabolites fraction library. The same volume of acetone was added to the whole culture broth and filtered to remove mycelia. The filtrate was evaporated in vacuo to remove acetone, and the remaining aqueous layer was extracted twice with the same volume of ethyl acetate. The organic layer was concentrated to yield 4.2 g of crude extract. The crude extract was subjected to MPLC on 80 g of silica gel packed column with a chloroform/methanol gradient system (methanol 0-100%), yielding seven fractions by the guide of UV chromatogram at 254 nm. Each MPLC fraction was separated by C 18 -HPLC with a methanol/0.05% aqueous formic acid gradient system into 48 fractions in time constant slices. Each fraction was analyzed by photodiode-array-LC/MS with an acetonitrile/0.05% aqueous formic acid gradient system to collect the UV absorption and mass spectral data for each metabolite. The spectral data were stored in a spectral database.
Isolation

